India is one of the cyclone/typhoon vulnerable countries with high annual frequency in the Asia-Pacific region. Majority of the Indian coastline accommodates several thousands of rural villages. The most common form of damage during the landfall of cyclones includes collapse of non-engineered and semi-engineered dwellings. For minimizing the extent of damage to such dwellings, it is preferable to maximize the strength of these dwellings by adopting affordable and cost-effective improvements in structural schemes using locally available materials, choice of plan shapes, better detailing procedures, etc. The paper initially highlights the surveys conducted in a few villages located in the east-coast of India during 1997-1999 based on a detailed questionnaire prepared by CSIR-SERC to collect information about the total number of non-engineered and semi-engineered dwellings along with details of materials and construction methodologies adopted. This paper presents various tests conducted for evaluating the strength of various components of different dwellings, which are fabricated using locally available/conventionally adopted materials, under various types of loading by considering generally adopted detailing and by considering better detailing approaches. The use of galvanized 'U' bolts for some of the critical joints in such houses are recommended to improve their resistance against cyclonic winds. Further, the formulated simple guidelines/recommendations based on these studies have been disseminated to the public through community programmes, posters and brouchers in vernacular languages corresponding to various coastal regions of India. These guidelines/recommendations have also been standardized [IS:15498 (2004)].
Introduction
It is well known that east coast of India is frequently battered by cyclones. The cyclonic wind forces cause severe damage to non-engineered and semi-engineered dwellings. One of the cyclone damage mitigation measures for such dwellings is improving the performance of various structural components/joints of these dwellings by adopting better geometrical/structural/detailing schemes. It is emphasized that development of economy-level-dependent guidelines and costeffective retrofitting details for upgrading the residential roofs are necessary to manage the impact of wind-related disasters (Tamura and Cao, 2012, Kopp et al., 2012) . Hence, the proposed recommendations need to be affordable and cost-effective for immediate acceptance and adoption by the local people.
In order to improve the performance of dwellings, which use the locally available materials and also cost-effective construction practices, against extreme wind conditions, the structural behaviour of the members of the dwellings need to be assessed using full-scale testing. Kopp et al. (2012) elaborately discussed some of the emerging test methods and challenges being addressed by different full-scale/large scale research facilities with a particular focus on full-scale testing at the ''Three Little Pigs'' Project at the University of Western Ontario and at the Insurance Institute for Business and Home Safety's new research facility in South Carolina. Morrison and Kopp (2011) have studied the performance of toe-nailed, roof-to-wall connections in wood frame houses against realistic wind loads under full-scale condition. Henderson et al. (2013) investigated in detail the failure of strand board and plywood panels under ramp and fluctuating wind loads by using twisted and ring-shank nail varieties, as well as staples. Dao and Lindt (2008) conducted a set of experimental tests on roof sheathing to determine the effect of the load eccentricity in order to formulate a new stiffness matrix for a nail element that will improve the finite element analysis predictions of capacity of the roof sheathing.
The above mentioned studies are mostly specific to the materials and construction practices used/adopted in the respective countries. In India, Traditionally different types of dwellings are constructed by individuals depending on their economic status, environmental conditions and local practices of the region. The increase in awareness of the cyclone affected society and the non-governmental organizations, which facilitate them in building their dwellings in cyclone prone regions, helps in proposing recommendations on structural schemes and member sizes depending on the types of materials adopted in local construction practices. Towards this, it is necessary to collect data on plan/layout of the dwellings and construction practices adopted in cyclone prone regions in order to identify suitable damage mitigation measures. Earlier CSIR-SERC has carried out survey of dwellings in a few cyclone prone villages along the east coast of India under UNDP sponsored programme. This paper initially provides the details of the survey carried out along with the identified construction practices, which were adopted for non-engineered and semi-engineered dwellings. This paper presents the tests conducted by CSIR-SERC for evaluating the strength of various components of different dwellings, which are fabricated using locally available/conventionally adopted materials in India, under various types of loading by considering generally adopted material/joint and by considering better material/detailing. Based on these tests recommendations/guidelines have been formulated. As the improved science and technology needs to be transferred to all local communities to minimize the damage levels (Tamura and Cao, 2012) , this paper also highlights the efforts made by CSIR-SERC in disseminating these recommendations/guidelines to the public through community programmes, posters and brouchers in vernacular languages corresponding to various coastal regions of India.
Survey of Dwellings in Coastal Villages of India
An action plan for transfer of technology for "Engineering of Structures for Mitigating Damage due to Cyclones" with UNDP assistance was taken up in the middle of 1997, by CSIR-SERC. One of the activities of this action plan was to carry out survey of dwellings in a few cyclone prone villages along the east coast of the country. In order to carry out the survey, CSIR-SERC has utilized the help of nodal centres which included academic institutes/local agencies in different States. Information regarding total number of dwellings in a particular village with under non-engineered and semi-engineered and engineered dwellings were gathered along with overall layout of that village based on a detailed questionnaire (prepared in-house) covering all the data mentioned above. Complete details of the questionnaire are included in the book titled "Guidelines for Design and Construction of Buildings and Structures in Cyclone Prone Areas" . These questionnaire have later been updated and standardized (IS 15499 (2004) ).
The following general guidelines were followed while carrying out the survey:
(a) Each village will have one set of general data. (b) Each village can be sub-divided into a maximum of five regions depending upon the terrain (valley/hill/pond) and type of houses. (c) Most commonly adopted building plans have to be identified in each village for each type of house, that is, it is decided to select three to five non-engineered houses, two to four semiengineered houses and one or two semi-engineered RCC houses and collect full information on all these houses. (d) Data on cyclone shelters and industrial structures if any will be collected in that particular area. (e) A map of the village covering all types of houses and other environment will be prepared.
A total of 35 cyclone prone villages were surveyed, which are spread over Tamil Nadu, Andhra Pradesh and Orissa states of India. Based on the collected survey information, a compendium was prepared on, "Survey of dwellings in cyclone prone villages of Tamil Nadu, Andhra Pradesh and Orissa" (Appa Rao et al., 1999) . The types of dwellings include non-engineered dwellings, such as huts with thatched roofs and mud/thatch walls, semi-engineered dwellings, such as dwellings with tiles (country or Mangalore), asbestos cement sheet roofs and brick/stone masonry walls, engineered dwellings, such as dwellings with reinforced cement-concrete roofs and brick masonry walls. In general, the construction techniques varied from region to region depending upon the traditional practices, and local expertise and materials available. Mostly, the construction practices and dwelling patterns were observed to be similar at a particular place/village/region. Based on the survey, it is seen that >40% of houses almost in all the villages are non-engineered, which can be strengthened to minimize vulnerability to cyclones. The collected data was used in identifying the type of houses and their construction features in that region. A typical plan and isometric view of non-engineered and semi-engineered houses are shown in Fig. 1 .
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Frame Structure of Non-engineered Dwellings with Thatched Roof
The survey of dwellings in the cyclone prone villages in the east coast of India indicated that the dwellings of economically weaker sections mostly have thatched roof with square or rectangular or circular plan shape. For dwellings with square or rectangular plan shape, gabled or hipped roofs are adopted. Whereas conical roofs are adopted for dwellings with circular plan shape. Fig.  2 shows a typical frame structure of a dwelling with thatched roof. The wall frame consisted of casuarinas/bamboo posts with diagonal bracing members along with horizontals at top and bottom. Twisted organic fibre ropes are usually used at the joints. The roof essentially consisted of a series of runners supported on the horizontal tie members. Thatch is observed to be spread and tied using organic fibres to the runners. The dwelling is commonly enveloped/cladded with mud wall or thatched wall or walls made of assorted sheets. The posts of the wall frame are anchored firmly to the ground, and the roof is held down by organic ropes. As can be seen from the frame work, the capacities of the runners and posts and the detailing of their connections would determine the overall performance of these dwellings. 
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Tests on Casuarina and Bamboo Poles Used in Non-engineered Dwellings
Based on the surveys carried out it was observed that casuarina and bamboo poles are the most commonly used construction materials for non-engineered dwellings of the economically weaker sections in cyclone prone regions of India. In order to identify suitable strengthening measures, the strength and behaviour of these materials as structural elements were evaluated by carrying out Flexural tests, pull-out tests and tests on joints.
Flexural Tests
The flexural tests were carried out on casuarina and bamboo poles with different diameters by adopting similar organic fiber ropes as used in practice. The adopted test arrangement is shown in Fig. 3 . The tests were also extended for different simply supported spans varying between 1.5 m and 3.0 m. Table 1 gives the observed ultimate capacities of tested poles . In general, the capacities of casuarina poles are observed to be about 3 times the capacity of bamboo poles. Hence, casuarina poles are observed to be preferable instead of bamboo poles.
Pull-out Tests
The anchorage capacities of the vertical poles were also evaluated through pull-out tests (Fig. 4) . The vertical poles were anchored to the ground using cross-ties (one of the cyclone resistant features) and were tested under simulated wet condition, as the soil will be invariably wet during cyclones. Two schemes of anchorage have been tested. In the first scheme, two casuarina poles of diameter 37.5 mm and length 450 mm with bearing area (diameter × length) of 16875 mm 2 were provided at two levels namely 150 mm and 450 mm from the bottom of pit. In the second scheme, a single anchor pole of diameter 50 mm and length 600 mm with bearing area of 30000 mm 2 was provided at one level namely 150 mm from the bottom of the pit. The results are provided in Table  2 . It is inferred that the second anchored pole being very close to the ground level did not provide any significant additional anchorage. Further, the tests revealed that the anchorage capacity of the poles below ground level was proportional to the bearing area of cross ties. Hence, it is preferable to have a depth of embedment of 900 mm for vertical poles with single pole as cross tie near to the bottom of the pit for improved anchorage capacity.
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Pull Out Tests on U-Bolt Joints
The performance of the casuarinas poles as horizontal members, vertical members and cross ties to their maximum capacities is significantly dependent on the performance of the material used in the joints. The organic fiber ropes, which are readily available locally, have a drawback of deteriorating performance with age. Hence, it is preferred to have affordable and cost-effective material, with significantly longer life than the organic fibre ropes, for the joints in such non-engineered dwellings. Hence, pull out tests have been conducted on U-Bolt joint using 6 mm diameter mild steel rod. The schematic diagram of test set-up is shown in Fig. 5 . It essentially consists of a vertical post through one of the holes in the test floor. Two transverse casuarina stubs have been nailed to the post at the bottom as shown to provide anchorage during testing. Two wedges are introduced to lock the vertical post at top. A short stub of casuarina post is fixed to the vertical post using the 6 mm diameter U-bolt. The bearing blocks are fixed at the required location using long bolts. The test setup consisted of a hand operated jack and proving ring. An eccentricity of approximately 50 mm is introduced into the system so that conservative estimates are obtained for the reaction. The pull-out capacity of joint using U-bolt increased to about 5.50 kN which was observed to be nearly twice the capacity of the joint when tied with organic fiber ropes. Hence, it is preferred to use U-Bolt joints at critical locations in non-engineered dwellings to enhance the overall strength of the building. Fig. 6 shows typical joint details with U-bolts in a non-engineered dwelling. 
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Tests on Roofs of Semi-Engineered Dwellings
Based on the survey of dwellings in the cyclone prone regions, a dwelling with plan dimensions of 2.9 m x 4.2 m, and a roof pitch of 45 o was selected for full-scale testing. The walls of the dwelling are of brick masonry, which is the common material used in such dwellings. A continuous lintel was provided and vertical reinforced concrete stubs were raised up to a level of 3.5 m above ground level. The tests on the roofs of semi-engineered dwellings included four different types namely, (i) conventionally built thatched and gabled roof, (ii) thatched and gabled roof with cyclone resistant features, (iii) thatched and hipped roof with cyclone resistant features and (iv) asbestos sheet roofing incorporating U-bolts were studied. The vertical concrete stubs had embedded inverted U hooks (∩) which were utilised for holding down the main horizontals placed along the length of the walls. The thatched roofs were attached to these main horizontals for cases (i), (ii) and (iii). For case (iv), reinforced concrete bands at gable ends and at centre of building were provided to hold down the pipe purlins (Fig. 7) and asbestos sheet roofing was provided over the pipe purlins using U-Bolts. A special loading frame was designed and fabricated for these tests. The schematic diagram of loading arrangement is shown in Fig. 8 , which consisted of pulleys, wire ropes, spring balances, and tensioning devices as shown. The number of loading points was nine in the case of thatched roofs, and 14 in the case of asbestos roof to simulate uniform loading on the roofs (Lakshmanan et al., 2003) . The cyclone resistant features for cases (ii) and (iii) in thatched roofs essentially consisted of providing metal straps, plates and U-Bolts at connections in the three main trusses (as illustrated at locations (A), (B), and (C), shown in Fig. 7 ).
Test on Conventional Built Thatched and Gabled Roof without Cyclone Resistant Features
A typical load deflection curve is given in Fig. 9 . The load deflection behaviour was non-linear. As can be seen from Fig. 9 , the deviation from the average value was significant beyond a total load of 4.50 kN and the maximum load registered was 12.60 kN. For further increase of load a continuous slippage of the roof was observed as evidenced by loosening of organic strands. The maximum integrated applied load on the roof corresponded to a pressure loading of 1.050 kN/m 2 . The 3-second gust capacity wind speed V (m/s) was derived using Eq. (1).
( 1) where C p = net pressure coefficient p = pressure (N/m 2 )
Corresponding to the evaluated pressure loading, the capacity wind speed has been calculated 38 m/s by considering a value of C p as 1.4, which corresponds to the case of dwelling with percentage of openings > 20% (as a most possible adverse case during cyclone). The average value of deflection at the maximum load of 12.60 kN was observed to be 70 mm. Hence the ratio of short span length to deflection was 40, which means that the roof is highly flexible. This large amplitude associated with gusts may loosen the main joints tied with organic fiber ropes and leading to reduced performance of the roof system. This necessitates the use of better features for the joints.
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Tests on Thatched and Gabled Roof with Cyclone Resistant Features
For the gabled roof with cyclone resistant features, the total maximum load carried was observed to be 21.60 kN, which is 1.7 times the corresponding value of 12.60 kN for the conventional gabled roof. The 3-second gust capacity for the gabled roof with cyclone resistant features was obtained as 50 m/s. The deflection corresponding to the load of 12.60 kN, which is the maximum load carried by conventional gabled roof, was observed to be 55.4 mm as against corresponding value of 70.0 mm for conventional gabled roof. It indicated a stiffness enhancement of 25% due to cyclone resistant features. However, it is to be noted that the maximum deflection measured was 95 mm, which indicates the gabled roof with cyclone resistant features may also undergo large amplitude fatigue at the evaluated capacity wind speed.
Tests on Thatched and Hipped Roof with Cyclone Resistant Features
From consideration of aerodynamics, a hipped roof is preferred due to the peak suction coefficients being much lower on the roof (Lakshmanan et al., 2004) . The ultimate load capacity for the thatched and hipped roof with cyclone resistant features was found to be 28.80 kN, which represented an increase of 129% compared to the value of 12.60 kN corresponding to the conventional gabled roof. The 3-second gust capacity for the gabled roof with cyclone resistant features was obtained as 58 m/s. The deflection corresponding to a loading of 12.60 kN was observed to be 52.5 mm. The enhanced load capacity shows that hipped roof is preferable even for structural behaviour. The maximum deflection measured was 120 mm. It also indicates, similar to the gabled roof with cyclone resistant features, that the hipped roof with cyclone resistant features may also undergo large amplitude fatigue at the evaluated capacity wind speed.
Tests on Asbestos Gabled Roof with Cyclone Resistant Features
In the case of asbestos gabled roof, the roofing system was supported on pipe purlins. The experimentally obtained load deflection curve for the asbestos roof system is shown in Fig. 10 . can be idealized as bilinear, with very high stiffness up to a total load of 15.00 kN. The test was stopped when the total load was 44.50 kN representing a pressure loading of 3.70 kN/m 2 . This pressure would correspond to a 3-second gust capacity wind speed of about 72 m/s. The deflection corresponding to a loading of 12.60 kN was observed to be very small. The asbestos gabled roof supported on pipe purlins was observed to be very rigid and hence would not be subjected to large-scale oscillations under wind loading conditions. Even in the cases of accidental impact loading, it can be reasonably expected that the U-Bolts can arrest large-scale damage.
Relative Performances of Different Types of Roofs
By considering porosity of more than 20% and a partial safety factor for loading as unity, as cyclonic wind loads can be considered as accidental overloads, the 3-second gust wind speeds based on the capacities obtained from the above mentioned the tests on different types of roofing were calculated as given in Table 3 .
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K-257 From Table 3 , it can be observed that asbestos sheet roofing supported on pipe purlins and using U-Bolts at joints can withstand cyclonic winds. Cyclone resistant features comprising metal straps, plates and U-Bolts are observed to enhance the capacity wind speeds substantially for nonengineered and semi-engineered dwellings. By adopting the cyclone resistant features, substantial reduction in damage to non-engineered and semi-engineered dwellings can be realised in the outer regions of land area traversed by cyclonic wind field.
Dissemination of Recommendations/Guidelines
It is essential that improvements to structural configurations, construction materials, and techniques evolved as a result of R&D activities percolate to the engineers in the field and the community. While the advanced technical expertise can be shared with the engineering fraternity through publications and presentations in symposia and seminars, some of the simple techniques that are evolved for enhancing the cyclonic resistance of non-engineered and semi-engineered buildings have to be disseminated only through mass contact programmes. CSIR-SERC has carried out the following activities as part of UNDP sponsored transfer of technology programme for disseminating the formulated recommendations/guidelines with the help various nodal centres: (i) training programmes for field engineers who acted as trainers for the next level programmes intended for supervisors, village officials and technicians, community based contact programmes at a number of places and imparting fundamental knowledge to over 1500 people, (ii) putting up of demonstration buildings at three centres, each of which included one non-engineered thatched building, one tiled roofed building, one asbestos roof building and one building with reinforced concrete roof and (iii) preparation of distribution of brouchers and posters on guidelines for mitigating damage to dwellings due to cyclones in English, Hindi, Tamil, Telugu, Oriya and Bengali, and multi lingual posters with these languages depicting improvements for building lay-outs, improvements to thatched roof and mud walls, improvements for roofs and walls of buildings, to reduce damage due to cyclones to nodal centres, community centres, etc. during community based contact programmes. Typical views of the brouchers and posters in vernacular languages are shown in Fig. 11 .
Summary and Conclusions
As part of cyclone disaster mitigation to non-engineered and semi-engineered dwellings in cyclone prone villages, CSIR-SERC has carried out survey of dwellings in cyclone prone regions on east coast of India has carried out for collecting the data on plan/layout of the dwellings and construction practices adopted. Suitable affordable and cost-effective cyclone resistant features have been identified by carrying out a series test programmes on the commonly used materials like casuarinna and bamboo poles and also on different types of roofing systems with and without cyclone resistant features.
Based on the extensive experimental investigations conducted, basic data required for sizing and spacing of members, anchorage of posts, capacities of joints, improved connections and their capacities, etc., have been presented. Performance of four different roofing schemes tested under full scale has been discussed, and capacity wind speeds derived. Asbestos sheet roofing supported on pipe purlins and using U-Bolts at joints can withstand cyclonic winds. Cyclone resistant features comprising metal straps, plates and U-Bolts are observed to enhance the capacity wind speeds substantially for non-engineered and semi-engineered dwellings. Hence, by adopting the cyclone resistant features, substantial reduction in damage to non-engineered and semi-engineered dwellings can be realised in the outer regions of land area traversed by cyclonic wind field.
Further, CSIR-SERC has carried out the many activities for the dissemination of the formulated recommendations/guidelines with the help various nodal centres community programmes, posters and brouchers in vernacular languages corresponding to various coastal regions of India.
